Background and Purpose-We aimed to compare the ability of conventional Alberta Stroke Program Early CT Score (ASPECTS), automated ASPECTS, and ischemic core volume on computed tomographic perfusion to predict clinical outcome in ischemic stroke because of large vessel occlusion ≤18 hours after symptom onset. Methods-We selected patients with acute ischemic stroke from the CRISP study (Computed Tomographic Perfusion to Predict Response to Recanalization in Ischemic Stroke Project) with successful reperfusion (modified treatment in cerebral ischemia score 2b or 3). We used e-ASPECTS software to calculate automated ASPECTS and RAPID software to estimate ischemic core volumes. We studied associations between these imaging characteristics and good outcome (modified Rankin Scale score, 0-2) or poor outcome (modified Rankin Scale score, 4-6) in univariable and multivariable analysis, after adjustment for relevant clinical confounders. Results-We included 156 patients. Conventional and automated ASPECTS was not associated with good or poor outcome in univariable analysis (P=nonsignificant for all). Automated ASPECTS was associated with good outcome in multivariable analysis (P=0.02) but not with poor outcome. Ischemic core volume was associated with good (P<0.01) and poor outcome (P=0.04) in univariable and multivariable analysis (P=0.03 and P=0.02, respectively). Computed tomographic perfusion predicted good outcome with an area under the curve of 0.62 (95% CI, 0.53-0.71) and optimal cutoff core volume of 15 mL. Conclusions-Ischemic core volume assessed on computed tomographic perfusion is a predictor of clinical outcome among patients in whom endovascular reperfusion is achieved ≤18 hours after symptom onset. In this population, conventional or automated ASPECTS did not predict outcome.
R
andomized clinical trials (RCTs) in acute ischemic stroke studying the effect of endovascular therapy have defined different baseline imaging inclusion criteria to select patients. In some trials, Alberta Stroke Program Early CT Score (ASPECTS) ratings were obtained, and in others, computed tomographic perfusion (CTP) was performed to select patients with small core volumes and salvageable tissue. The aim of this baseline neuroimaging assessment was to identify those patients more likely to benefit from endovascular treatment. Mechanical thrombectomy is also beneficial beyond the 6-hour time window in patients selected based on baseline perfusion imaging. [1] [2] [3] In 2 RCTs, endovascular treatment of patients with a beneficial profile, defined as a small ischemic core volume on CTP and either severe clinical symptoms (clinical core mismatch) or a large perfusion deficit (perfusion mismatch), resulted in improved clinical outcomes 3 months after endovascular therapy. 2, 3 The ASPECTS is a standardized semiquantitative computed tomographic (CT) grading system used to quantify early ischemic signs in patients with acute anterior circulation ischemic stroke in 10 regions of the brain parenchyma. ASPECTS is rated on a scale from 10 (no early signs of ischemia) to 0 (early ischemic changes in all 10 regions). Low ASPECTS rating on noncontrast CT has been associated with poor outcome after reperfusion and was an exclusion criterion in several RCTs on endovascular therapy. [4] [5] [6] [7] [8] CTP and ASPECTS correlated with good outcome in patients with acute ischemic stroke who underwent endovascular treatment, although patients selected based on perfusion mismatch profile had better clinical outcomes after reperfusion, and CTP more
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consistently predicts the acute ischemic lesion volume. 9, 10 The ASPECTS assessment is subject to substantial variability between and within raters.
11 Automated e-ASPECTS eliminates interrater variability and may thus be a more reliable tool to predict functional outcome after endovascular treatment for ischemic stroke. 12 The performance of ASPECTS to select patients with acute ischemic stroke for endovascular therapy in the extended treatment time window is unclear.
In this study, we compared the accuracy of conventional and automated ASPECTS and CTP core volume to predict good and poor outcome after successful endovascular reperfusion of acute anterior circulation patients with ischemic stroke ≤18 hours after stroke onset.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Study Design and Patient Selection
We retrospectively analyzed data from the CRISP study (Computed Tomographic Perfusion to Predict Response to Recanalization in ischemic Stroke Project; Stanford). 1 Detailed study protocol and design has been described previously.
1 CRISP is a multicenter prospective cohort study that included 201 patients with ischemic stroke with a large vessel occlusion in the anterior circulation who were scheduled to undergo endovascular therapy within 18 hours from symptom onset. All patients underwent noncontrast CT, CT angiography, and CTP imaging before endovascular therapy. Endovascular therapy was initiated within 90 minutes after baseline imaging. Baseline imaging profile was not a selection criterion for CRISP although investigators were not blinded for CTP core volumes and mismatch profile. Informed consent was obtained from all patients or their proxy if the patient was unable to consent. The institutional review board at each study site approved the study.
For this study, we limited the analysis to patients with successful reperfusion, defined as a modified treatment in cerebral infarction score of 2b or 3.
Imaging and Outcome Analysis
Four raters (1 neurologist in training, 1 vascular neurologist, and 2 interventional neuroradiologists) independently assessed the noncontrast CT blinded to all clinical data except for affected hemisphere. Conventional ASPECTS was rated using narrow window and level settings centered between 35 and 45 HU width and 35 and 45 HU level, as specified on http://www.aspectsinstroke.com. Four raters achieved one common ASPECTS score per patient through consensus during a joint reading session where regions of disagreement between at least 2 raters were reviewed.
We performed automated ASPECTS analysis using validated e-ASPECTS software (Brainomix, Oxford, United Kingdom) after indicating lesion side for each scan. 12 The automated software uses a machine-learning algorithm to calculate ASPECTS on full 3-dimensional noncontrast CT Digital Imaging and Communications in Medicine images ( Figure 1A) .
We used CTP core volumes registered in the CRISP study. Ischemic core volumes were calculated with RAPID software (iSchemaView, Menlo Park, CA). A relative cerebral blood flow threshold of <30% was used to define the ischemic core. Critically hypoperfused tissue was identified as the brain volume with a time-to-maximum of >6 seconds ( Figure 1B) . Stanford core imaging laboratory manually reviewed all RAPID software outputs and removed artifacts if needed. In addition, the core imaging laboratory analyzed the digital subtraction angiography images to score the degree of reperfusion.
The primary outcome was the modified Rankin Scale (mRS) score at 90 days. Trained CRISP investigators assessed the mRS during 30-and 90-day follow-up clinic visits. Patients unable to return to clinic were visited at their residence by study coordinators or received mRS assessment by telephone. Investigators who assessed the mRS at 90 days were not blinded from imaging data. 1 Good outcome was defined as functional independence (mRS, 0-2) and poor outcome as severe disability, dependency, or death (mRS, 4-6). We performed a sensitivity analysis for excellent outcome (mRS, 0-1). We used symptomatic intracranial hemorrhage (sICH) as a safety end point. sICH was defined as any intracranial hemorrhage associated with at least 4 points worsening on the National Institutes of Health Stroke Scale (NIHSS).
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Statistical Analysis
We used SPSS statistics (released 2017, IBM SPSS Statistics for Windows, version 25.0; IBM Corp, Armonk, NY) and R (R Core Team, version 3.3.3, released 2017) for all statistical analyses. We tested the distribution of clinical and imaging variables using a Shapiro-Wilk test for normality. We compared clinical and imaging variables between groups using a χ 2 test (for categorical variables), a Mann-Whitney U test (for noncategorical variables without normal distribution), or a Student t test (for noncategorical variables with normal distribution). We applied Bonferroni adjusted P values with an α of 0.05 to account for multiple comparisons in the good-versus poor-outcome subgroup comparison.
We used intraclass correlation coefficient (ICC; 2-way mixedeffects model with absolute agreement and single measures) and a scatter plot to assess the correlation between conventional and automated ASPECTS and baseline ischemic core volume as predicted by CTP.
We tested associations between clinical outcome and conventional ASPECTS, automated ASPECTS, CTP core volume, age, sex, premorbid mRS, NIHSS score, hypertension, hypercholesterolemia, diabetes mellitus, atrial fibrillation, history of stroke, and history of myocardial ischemia in univariable analyses. We entered variables into the multivariable logistic regression model if they were significant at P<0.1 level in univariable analysis with either good or poor functional outcome as a dependent variable and used the variance inflation factor to identify multicollinearity. We retained variables with P values <0.05 level in the final adjusted model. We determined the association of conventional ASPECTS, automated ASPECTS, and CTP core volume with good outcome (versus others) and poor outcome (versus others) using logistic regression with and without adjustment for these predictive clinical or imaging variables. Optimum cutoff values, where applicable, were calculated using the Youden index. We used area under the receiver operating characteristics curve on imaging variables that were significantly associated with the outcome variable in univariable analysis, to assess accuracy of each imaging modality to predict good and poor outcome. 13 We calculated the ICC to evaluate interrater agreement for conventional ASPECTS. Results of the ICC were interpreted by the proposed standards of Cicchetti: ICC <0.40 (poor), 0.41 to 0.59 (fair), 0.60 to 0.74 (good), and 0.75 to 1.00 (excellent).
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Results
Of the 201 patients enrolled in the CRISP study, we included 170 patients in whom reperfusion was achieved. Fourteen patients were excluded based on insufficient imaging quality. A total of 156 patients were included in the analysis (Table 1) . Median admission NIHSS was 17 (interquartile range [IQR], 13-21), and 71 (45.5%) patients received intravenous thrombolysis before mechanical thrombectomy.
Imaging and procedural characteristics are described in Table 2 . Median conventional ASPECTS was 7 (IQR, [5] [6] [7] [8] , and the median automated ASPECTS was 9 (IQR, 7-10; Figure 2A ). On the conventional ASPECTS scale, 41% had a score of <7, and 17.9% had a score of <5. For the automated ASPECTS, these percentages were 19.8% and 5.1%, respectively. The agreement between conventional and automated ASPECTS was fair (ICC, 0.47; 95% CI, 0.12-0.67). The interrater agreement for conventional ASPECTS was fair (ICC, 0.46; 95% CI, 0.37-0.54). The region with the highest degree of agreement was the caudate nucleus (ICC, 0.45; 95% CI, 0.37-0.53), and the region with the least agreement was the internal capsule (ICC, 0.05; 95% CI, −0.01 to 0.13; Table I in the online-only Data Supplement). Absolute agreement was low: all 4 raters agreed on the total ASPECTS in 3.8% of cases. In 19% of cases, at least 3 of 4 raters agreed, and in 55% of cases, at least 2 raters agreed on the total ASPECTS score ( Figure I in the online-only Data Supplement). The median volume of the ischemic core lesion was 6 mL (IQR, 0-18). In 12 patients (7.7%), the ischemic core volume was >50 mL, and in 5 patients (3.2%), the volume was >70 mL. There was a weak correlation between CTP core volume and both conventional ASPECTS 
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(r s =−0.23; P=0.004; Figure 2B ) and automated ASPECTS (r s =−0.36; P<0.0001; Figure 2C Figure 3) , and the optimal cutoff for predicting good outcome was <15 mL (sensitivity, 0.79; specificity, 0.39; positive predictive value, 0.65; negative predictive value, 0.57; Youden J, 0.18).
In the sensitivity univariable analysis, only ischemic core volume was associated with excellent outcome (OR, 0.98; 95% CI, 0.97-1.00; P=0.05). Conventional ASPECTS (OR, 1.12; 95% CI, 0.97-1.29) and automated ASPECTS (OR, Similarly, we did not find an association between conventional ASPECTS and poor outcome (OR, 1.05; 95% CI, 0.89-1.23) and automated ASPECTS and poor outcome (OR, 0.97; 95% CI, 0.80-1.17; Table V in the online-only Data Supplement). CTP core volume was associated with poor outcome in univariable analysis (OR, 1.01; 95% CI, 1.00-1.03; P=0.04) and remained a significant predictor in multivariable 
analysis after adjusting for age, premorbid mRS, NIHSS, hypertension, hypercholesterolemia, diabetes mellitus, and previous stroke (adjusted OR, 1.02; 95% CI, 1.00-1.04; P=0.02; Table VII in the online-only Data Supplement). The area under the curve for predicting poor outcome based on CTP core volume was 0.53 (95% CI, 0.42-0.64).
Discussion
In this study, we evaluate the association between conventional ASPECTS, automated ASPECTS, or CTP core volume and good or poor outcome in patients with acute ischemic stroke presenting within 18 hours from presumed symptom onset in whom reperfusion with endovascular therapy was achieved. Conventional ASPECTS was not associated with clinical outcomes, whereas CTP core volume was associated with both good and poor outcomes. Automated ASPECTS was associated with good outcome after adjusting for relevant clinical confounders. Although similar results were obtained in the sensitivity analysis for excellent outcome, none of the imaging variables were associated with excellent outcome after adjustment for confounders.
In a meta-analysis of 5 RCTs on endovascular therapy for acute ischemic stroke in the early time window, no interaction between the treatment benefit and ASPECTS was identified (P for interaction, 0.29). The OR did not differ between patients with ASPECTS of 6 to 8 or 9 to 10 (common OR for improvement of at least 1 point on the mRS on shift analysis of 2.34 [95% CI, 1.68-3.26] and 2.66 [95% CI, 1.61-4.40], respectively), but few patients with very low ASPECTS scores (0-5) were included, and thus the analysis was underpowered to detect treatment effect in this subgroup (common OR, 1.24; 95% CI, 0.62-2.49). 15 In this study, we did not find an association between conventional ASPECTS and functional outcome in spite of the fact that early ischemic changes on noncontrast CT become more apparent over time. 16 Automated ASPECTS scores were notably higher compared with conventional ratings, and correlation between automated ASPECTS and baseline ischemic core volume predicted by CTP was slightly better than conventional ASPECTS, suggesting an overestimating of early ischemic changes by conventional ASPECTS in this population. Therefore, like the HERMES meta-analysis (Highly Effective Reperfusion Evaluated in Multiple Endovascular Stroke Trials), this study may be underpowered to detect an association between very low ASPECTS scores and functional outcome after successful endovascular therapy. 15 This study confirms the low interrater agreement for ASPECTS and our interrater reliability was even slightly lower than reported previously. 11 Although we did not compare with a ground truth, we did not find an association between rater experience or training and accuracy for prediction of outcome. Using automated ASPECTS eliminates interrater variability, but automated ASPECTS added little value compared with conventional ASPECTS for prediction of outcome in this study. To our knowledge, only 1 other study compared conventional and automated ASPECTS for prediction of outcome after endovascular therapy within an early time window after stroke onset (median onset-to-treatment, 160 minutes). 17 In this study, an association between poor outcome and automated ASPECTS, as well as the conventional ASPECTS in only 1 of 3 raters, was found.
Imaging-based selection with CTP can identify patients likely to benefit from endovascular therapy in the extended time window.
1 Two RCTs showed benefit of extended window endovascular therapy (≤16-24 hours) after symptom onset or last-seen-well in patients with a favorable mismatch profile, that is, a small ischemic core and severe clinical symptoms or a substantial volume of salvageable tissue. 2, 3 In the RCTs that only included patients within 6 hours after (known) symptom onset, the rate of good outcome in the endovascular-treated arms was also higher in trials that selected patients with mismatch profiles, most commonly based on CTP. 5, 18 In our study, core volume was an independent predictor of good, but not excellent, outcome. Predictive accuracy, however, was low, which suggests other clinical variables modify reperfusion treatment effect. In addition, accuracy for identification of those patients who would not benefit from reperfusion was insufficient. Therefore, this study does not provide evidence to exclude patients solely based on the size of the predicted ischemic core.
This study has several limitations. First, the ischemic core volumes were small in most patients, and core volumes above 50 mL were rare (<10% of patients). The small percentage of patients with large cores might explain the lack of an association between CTP core volumes and poor outcome. Second, we did not explore other methods for selection of clinical covariables in the multivariable model (eg, Aikaike information criterion or Bayesian information criterion), which may yield a better model fit.
In conclusion, ischemic core volume as identified by CTP is associated with functional outcomes in patients with successful reperfusion after endovascular therapy ≤18 hours after symptom onset. Conventional and automated ASPECTS were not associated with functional outcome in that time window. Receiver operating characteristic curve for ischemic core volume and good functional outcome. The x axis shows the specificity, and the y axis shows the sensitivity of a particular ischemic core volume for prediction of good functional outcome (area under the curve, 0.62).
